We report on a combined theoretical and experimental study of the impact of alloy fluctuations and Coulomb effects on the electronic and optical properties of c-plane GaN/AlGaN multi-quantum well systems. The presence of carrier localization effects in this system was demonstrated by experimental observations, such as the "S-shape" temperature dependence of the photoluminescence (PL) peak energy, and non-exponential PL decay curves that varied across the PL spectra at 10 K. A threedimensional modified continuum model, coupled with a self-consistent Hartree scheme, was employed to gain insight into the electronic and optical properties of the experimentally studied c-plane GaN/ AlGaN quantum wells. This model confirmed the existence of strong hole localization arising from the combined effects of the built-in polarization field along the growth direction and the alloy fluctuations at the quantum well/barrier interface. However, for electrons these localization effects are less pronounced in comparison to the holes. Furthermore, our calculations show that the attractive Coulomb interaction between electron and hole results in exciton localization. This behavior is in contrast to the picture of independently localized electrons and holes, often used to explain the radiative recombination process in c-plane InGaN/GaN quantum well systems.
the theoretical analysis of these systems. Carrier localization effects and their potential impact on the nature of the radiative recombination process have been widely neglected, despite experimental evidence of localization phenomena 17, 18 . One clear indicator is the so-called "S-shape" dependence of the photoluminescence (PL) peak energy with temperature. This anomalous temperature behavior of the PL peak energy has been observed in both c-plane InGaN/GaN 9, [19] [20] [21] [22] [23] and GaN/AlGaN QWs 17, 18, 24, 25 . However, it is important to note that while these two systems reveal the same behavior, fundamental differences exist between InGaN/GaN and GaN/AlGaN wells. While in InGaN/GaN heterostructures in general the overall polarization vector field is dominated by piezoelectric effects, in GaN/AlGaN systems the spontaneous polarization is comparable, and might even be larger than the piezoelectric response 26 . Further differences between the material systems arise from differences in the valence and conduction band offset values and their compositional dependence [27] [28] [29] as well as the electron and hole effective masses 30 . In InGaN systems the explanation for the "S-shape" temperature dependence of the PL peak energy is based on a thermal redistribution of carriers between localized states, which originate from (random) alloy fluctuations in the well. However, in c-plane GaN/AlGaN QWs, where the well is made of the binary compound GaN, the active region does not contain any alloy fluctuations and only in the barrier material do such alloy fluctuations exist. This gives rise to the question of the nature of carrier localization in c-plane GaN/AlGaN QWs. Previous studies on different material systems, such as zincblende GaAs/AlGaAs QWs, suggest that well width fluctuations and/or random alloy fluctuations in the AlGaAs barrier 31 , or more precisely at the well/barrier interface, can lead to carrier localization effects. Building on this finding, one could expect that these effects are even more pronounced in wurtzite c-plane GaN/AlGaN QWs, given that the growth along the polar c-axis results in strong electrostatic built-in fields in this direction. These fields, which are not present in zincblende GaAs/ AlGaAs QWs grown along the [001]-direction, are due to the combination of the underlying wurtzite crystal structure of the GaN and AlGaN systems and the growth of the heterostructure along the crystallographic c-axis. In such a case, and when growing QW structures, both spontaneous and piezoelectric polarization vector fields oriented along the cyrstallographic c-axis in III-N materials arise in general. Given that the polarization fields are different in GaN and AlGaN, for instance, in a heterostructure one is left with a discontinuity in these fields. As a consequence, III-N nanostructures exhibit very strong electrostatic built-in fields of the order of MV/cm. In c -plane GaN/AlGaN QWs, the electrostatic built-in fields lead to the situation that electron and hole wave functions are displaced towards the GaN/AlGaN interfaces. However, in comparison to − c plane InGaN/GaN QW systems, theoretical calculations that account for or discuss alloy fluctuations in GaN/AlGaN QWs explicitly, are sparse 17, 18, 32 . Most often their electronic and optical properties are treated in the framework of one-dimensional continuum-based models, which account for strain and built-in fields, treating the AlGaN alloy as an effective medium that can be described by averaged parameters 33 . In such works, effects of alloy fluctuations are only accounted for by a (non-linear) compositional dependence of the involved material parameters. Furthermore, when going beyond the single-particle picture, excitonic effects are introduced in a second step with similar approximations, namely considering only a one-dimensional system and an average material parameter description for the well and barrier material.
In this paper we address the question of carrier localization effects and the connected question of the nature of the radiative recombination process in c-plane GaN/AlGaN QWs. To do so, we have studied these systems in the framework of a combined experimental and theoretical approach, allowing us to refine the model with experimental input. We have investigated two c-plane GaN/AlGaN multi-QW (MQW) samples which were grown by metal-organic chemical vapor deposition. These two samples differ in well width: Sample A has wells with a width (L w ) of . 2 4 nm, and Sample B has wells with a much larger width of . 6 8 nm. This allows us to study the impact of the well width on changes in the optical properties of c-plane GaN/AlGaN QWs and how carrier localization effects contribute. An important aspect for our investigations is to connect the optical properties to the structural properties of the system. Therefore, the structural characteristics of the MQWs have been analyzed by transmission electron microscopy (TEM) and X-ray diffraction (XRD) measurements. The information gained has been included in the theoretical modelling of the electronic and optical properties of these structures in the frame of a three-dimensional modified continuum-based model, which accounts explicitly for alloy fluctuations in the barrier and resulting carrier localization. This is different from commonly used theoretical models in the literature on GaN/AlGaN QWs, where the effects of alloy fluctuations in the barrier are explored by a non-linear compositional dependence of averaged material parameters. To gain insight into any excitonic effects, self-consistent Hartree calculations have been performed. The self-consistent approach captures effects such as charge density re-distribution due to the attractive Coulomb interaction between electron and hole. This important contribution has been neglected in previous studies using a fully three-dimensional theoretical description of electronic and optical properties of c-plane GaN/AlGaN QWs. Finally, the optical properties of the samples have been investigated and analyzed by temperature dependent PL spectroscopy and PL decay time measurements at 10 K. These measurements provided information on carrier localization effects, which are attributed to the well/barrier interface roughness introduced by random alloy fluctuations in the barrier, while also shedding light on radiative recombination processes in these systems.
Results and Discussion
In this section we present the results of our combined experimental and theoretical analysis of the electronic and optical properties of c-plane GaN/AlGaN MQWs. In a first step we give an overview of the structural properties of the samples. In a second step, we present our experimental analysis of the optical properties of these systems. Finally, building on the available structural information on the different samples, the results of our theoretical investigation on their electronic and optical properties are discussed and connected to the experimentally observed optical features.
www.nature.com/scientificreports www.nature.com/scientificreports/ Structural analysis. High resolution XRD ω-θ 2 -scans of the 0002 reflection are shown in Fig. 1 for the Samples A (top) and B (bottom). The intense sharp peak in the center of the scan at .2 42 Å −1 originates from the GaN buffer layer, while the adjacent peak on its right shoulder is the zero-order peak of the GaN/AlGaN MQW structure. Higher order satellite peaks can be observed on either side of the zero-order MQW peak. Their spacing in reciprocal space is slightly larger for Sample A than for Sample B, revealing the larger average GaN/AlGaN period thickness in Sample B. The occurrence of missing satellite peaks indicates the absence of gross well fluctuations and provides evidence for the high structural uniformity in the GaN/AlGaN MQW structures. Although the number of observable satellite peaks is somewhat limited by the low scattering factor of the AlGaN barriers, their position and relative intensity could be used for comparisons with simulated intensity profiles. These revealed that Sample A consisted of L w = (2.4 ± 0.1) nm wide GaN wells and L b = (9.8 ± 0.1) nm thick Al x Ga −x 1 N barriers with an average Al-content x of (19.0 ± 0.3)%. Sample B had = L w (6.8 ± 0.1) nm wide GaN wells and L b = (9.5 ± 0.1) nm thick Al x Ga −x 1 N barriers with an Al-content of (18.2 ± 0.3)%. Cross-sectional imaging of the QW stack was performed by high angle annular dark field scanning transmission electron microscopy (HAADF-STEM), as illustrated in Fig. 2 . HAADF-STEM provides Z-contrast, hence in these images the GaN QWs appear brighter than the AlGaN barriers. The QW thickness measured from TEM agrees well with those obtained by XRD, with L w = (2.3 ± 0.2) nm and L w = (6.6 ± 0.2) nm for Sample A and B, respectively. Figure 2 shows no noticeable sign of QW thickness fluctuation throughout the QW stack -i.e. no topological roughness -in both samples. However, we note that the HAADF-STEM intensity profile taken across the QW is slightly asymmetric in both samples (cf. Fig. 2(c,d) ). In comparison to the bottom well/barrier interface, the top well/barrier interface appears to be unintentionally graded in composition. Similar grading of the top well/barrier interface has been observed in InGaN/GaN QWs 34 . However, the interfaces observed here are rather sharper than are typically observed in InGaN/GaN QWs 35 . In InGaN QWs, this grading is attributed to the segregation of indium at the QW surface, which is then incorporated during the growth of the barriers. Here, a similar surface accumulation of Ga may occur.
Experimental analysis of the optical properties.
Having discussed the structural properties of the two c-plane GaN/AlGaN MQW systems, we now turn to their optical properties using a range of different techniques. PL spectroscopy, temperature dependent PL spectroscopy and PL decay time measurements have been performed to gain insight into the fundamental properties of the two samples. More details about the measurements are given in the "Methods" section. We start our analysis here with the results from low temperature PL measurements. Figure 3 3 91 eV, respectively. Given that the decays were found to be non-exponential, we give the decay time τ e 1/ as the time taken by the PL signal to fall to e 1 of its maximal value. These decay times (circles) are shown across the PL spectra for both samples. Before looking at τ e 1 in detail, we start here with the discussion of the PL spectra. Sample A ( = .
L 2 4 w nm) shows a peak PL energy of . 3 59 eV with a full-width at half maximum (FWHM) of 35 meV. For Sample B ( = .
L 6 8 w nm), the PL spectrum is red-shifted with respect to that of Sample A due to the larger well width L w . Here, we find a PL peak energy of 3.29 eV and a FWHM of 60 meV . The PL peak that can be seen on the spectrum of sample B at .
3 25 eV is attributed to the well known Donor-Acceptor-Pair (DAP) recombination at 3.257 eV 36, 37 . This is confirmed by the fact that this peak quenches rapidly with temperature, which is consistent with the behavior reported for DAP recombination features in GaN 36, [38] [39] [40] . Turning to the FWHM values, the above measured large values give a first indication of www.nature.com/scientificreports www.nature.com/scientificreports/ www.nature.com/scientificreports www.nature.com/scientificreports/ carrier localization effects in our c-plane GaN/AlGaN MQW samples. In c-plane InGaN/GaN QWs similar effects have been observed and attributed to carrier localization, which result in variations in electron and hole ground state energies depending on the local alloy configurations and fluctuations in the confining QW width (well width fluctuations) 21, 41 . Due to these fluctuations, a broad PL spectra is expected and observed. To further investigate potential carrier localization effects in GaN/AlGaN MQWs, PL spectra as a function of the temperature T have been studied. In these measurements an excitation energy of 3.815 eV was used and the PL peak was tracked over a temperature range of = T 10 to = T 300 K. It should be noted that the PL peak for Sample B coincides with a number of peaks attributed to one of the following: deep-acceptor related luminescence (the so-called blue band), recombination at DAPs or even structural defects in GaN 37 . As a consequence, it was difficult to track the QW emission peak at temperatures above = T 180 K. Thus, for Sample B we focus on the temperature range = T 10 K to = T 180 K. The results of this investigation are displayed in Fig. 4 . Both samples exhibit an anomalous behavior ("S-shape") of the PL peak energy (filled circles) as a function of temperature T . Initially, the PL peak position red-shifts from = T 10 K to = T 30 K, blue-shifts from = T 30 K to = T 150 K and then red-shifts following the temperature-dependent energy gap shrinkage. The empirical two-parameter Varshni expression
was used to remove the temperature dependence of the band gap, using the Varshni parameters α = .
× − 1 235 10 3 eV/K and β = 1435 K 42, 43 . The corrected data is shown in Fig. 4 by the red triangles. The inset in Fig. 4 shows a close-up view of the data for Sample A ({L}_{w} = 2.4 nm) up to = T 160 K. As already discussed above, this "S-shape" temperature dependence of the peak PL energy is a spectral signature of carrier localization and is explained in InGaN/GaN MQWs and other disordered systems by a thermal redistribution of the carriers between localized states. Bell et al. 44 described a model according to which, starting from a random distribution of carriers among the localization sites at low temperatures (the so-called "freeze-out regime") and following an increase in temperature, the carriers can thermalize out of shallow states and drop to deeper potential wells, resulting in a red shift of the peak PL energy. In c-plane InGaN/GaN wells, these localized states originate from a combination of random alloy fluctuations, electrostatic built-in fields and well-width fluctuations. With the temperature increasing further the carriers "hop out" of the deep localization states and once more occupy shallow localization states, as shown by a blue shift of the peak PL energy. As the temperature keeps increasing, the red-shifting PL peak energy reflects the phonon-mediated energy gap shrinkage becoming the dominant effect. The observed "S-shape" temperature dependence of the PL peak position in our GaN/Al .
18
Ga . 0 82 N MQWs is consistent with the results obtained by other groups on such heterostructures 45, 46 .
To gain insight into the question of how carrier localization might change with well width in c-plane GaN/ Al . 0 18 Ga . 0 82 N QWs, we calculated the maximum energy difference, ∆ PL Varshni , between the lowest PL peak energy and the maximum of the PL peak energy with the temperature dependence removed using Varshni's formula for the two samples studied. For Sample A ( = . w nm accompanied by the more distinct "S-shape" (cf. Fig. 4 ) indicates that the impact of carrier localization effects on the optical properties tends to increase with increasing well width. We will come back to this point further below when discussing the results of our theoretical studies.
While the temperature dependent PL data gives a clear indication of carrier localization effects in c-plane GaN/AlGaN QWs, it does not give any insight into the nature of the recombination process. To shed light onto www.nature.com/scientificreports www.nature.com/scientificreports/ this question, we have performed PL time decay measurements. The results of this analysis are shown in Fig. 5 . Overall, we find here that the decay transients are non-exponential. This feature is also observed in c-plane InGaN/GaN QWs, where the widely used explanation for this behavior is that electrons and holes are "independently" localized, leading to a statistical variation in the electron and hole wave function overlap and therefore to a non-exponential decay transient 13, 47 . This also results in the situation that the radiative lifetime, which is dependent on the electron-hole overlap integral, varies across the low temperature PL spectrum. We have extracted the radiative lifetime τ e 1/ across the PL spectrum from the PL time decay measurements with the photo-excitation energy of .
4 66 eV as shown in Fig. 3 . As the decays are non-exponential, we have determined the decay time by the time taken for the photon count to decrease by a factor of 1/e. The 1/e decay times for Sample B show that τ e 1/ varies across the spectrum, comparable to the recombination energy dependence of the radiative lifetime reported in both InGaN/GaN 13,48-50 and GaN/AlGaN QWs 46, 51 and attributed to carrier localization. Here, the decay times increase from 14 ns to 40 ns when the detection photon energy decreases from 3.30 eV to 3.27 eV. However, Sample A reveals a noticeably different behavior, with much faster radiative decay times which are approximately constant across the spectrum, increasing only slightly from 1.42 ns at 3.60 eV to 1.70 ns at 3.57 eV. Our results indicate that in c-plane GaN/AlGaN QWs the well width has a noticeable impact on the spectral dependence of the radiative lifetime and could indicate a change in the radiative recombination process.
Having discussed our experimental studies on GaN/AlGaN QWs, we turn now and focus on the electronic and optical properties of these systems from a theoretical perspective. Building on our experimental findings, special attention is paid to potential carrier localization effects and consequence for the radiative lifetime. This is presented in the following section.
Theoretical analysis of the electronic and optical properties. To calculate the electronic and optical
properties of the c-plane GaN/AlGaN QWs, a fully three-dimensional, modified, continuum-based ⋅ k p model has been employed here. This allows us to treat alloy fluctuations in the barrier material explicitly. Overall, the approach is similar to the one used by Watson-Parris et al. 21 to study the electronic and optical properties of c -plane InGaN/GaN QWs. However, our model here is coupled to a self-consistent Hartree scheme, therefore also accounting for Coulomb effects (excitonic effects). More details about the theoretical framework are given in the "Methods" section.
We have investigated here the two c-plane GaN/AlGaN MQW structures. In the first system the well width is L w = 2.5 nm, which is in good agreement with the well width of Sample A = . ± . L (2 4 0 1) w nm. For the second system we have assumed a well width of = . L 6 75 w nm, thus in good agreement with Sample B = . ± . L (6 8 0 1) w nm. The barrier width in both MQW systems is 10 nm and the Al content in the barrier is 18%, building on the experimental findings given above. For the AlGaN barrier a random alloy situation was assumed. To sample different random alloy configurations in the barrier, the calculations have been repeated 20 times for each of the two MQW structures. In doing so, we can analyze the impact of different random alloy configurations on the electronic and optical properties of the two MQW systems. For the main theoretical results presented here, we do not explicitly include well width fluctuations, since there is no experimental indication for these features (see the "Structural Analysis" section). Thus, the only interface roughness included originates from alloy fluctuations at the well/barrier interface. This is in contrast to c-plane InGaN/GaN QWs, where well width fluctuations have been observed and included in theoretical investigations as disk-like objects at the interface between InGaN QW and GaN barrier 21, 41 . However, to study the potential impact of such structural inhomogeneities on the electronic and optical properties of GaN/AlGaN systems, we have performed additional calculations where disk-like well www.nature.com/scientificreports www.nature.com/scientificreports/ width fluctuations, similar to c-plane InGaN/GaN QW systems, have been taken into account. Results of these calculations will be discussed briefly below.
Our framework has now been used to investigate the electronic and optical properties of Sample A and B from a theoretical perspective. In a first step the calculations have been performed in the absence of Coulomb (excitonic) effects. Figure 6 (a,b) depict the electron (red) and hole (blue) ground state charge densities of the c-plane QW system of Sample A for an arbitrarily chosen microscopic configuration. The charge densities are displayed at 25% of their respective maximum values and are shown from two different viewpoints, (a) perpendicular (Side View) and (b) parallel (Top View) to the wurtzite c-axis (z-axis). Several features of the charge densities are now of interest. First of all, the carriers are spatially separated along the c-axis (growth direction) due to the presence of the strong electrostatic built-in field along this direction. This results in the situation that electrons and holes are localized at the well/barrier interface and are thus susceptible to probe any potential fluctuations in this region. Figure 6 (a,b) also reveal strong hole wave function localization effects induced by the effect that the built-in field forces the carriers to the well/barrier interface and therefore being exposed to the interface roughness due to the random alloy fluctuations in this region. In terms of the hole wave function localization characteristics, we find here a behavior that is similar to c-plane InGaN/GaN QWs 13, 41 . The ground state electron charge density exhibits a much more delocalized character, at least when compared to the hole. The observations made above for the arbitrarily chosen configuration hold for all other 19 alloy configurations studied here.
In general, our results on GaN/AlGaN systems are consistent with the earlier studies by Gallart et al. 18 and Rigutti et al. 17 in terms of the electron and hole localization characteristics in c-plane GaN/AlGaN QWs. Also, the observed carrier localization effects are consistent with the experimentally observed "S-shape" temperature dependence of the peak PL energies, which requires the presence of localized states in the system. Our calculations reveal similar results for the = . L 6 8 w nm well in terms of the electron and hole ground state localization features. But, our experimental studies on the temperature dependence of the PL peak energy indicated that carrier localization effects tend to be more pronounced in the wider well (Sample B) when compared to the narrower well (Sample A). This argument was based on the observation that the "S-shape" temperature dependence of the peak PL energy in case of Sample B is more pronounced in comparison to Sample A. To gain initial insight from theory into the question how carrier localization features might change with well width, additional calculations have been performed in which the QW systems are treated in a virtual crystal approximation (VCA), meaning that the barrier is described as an effective material with averaged material parameters. Thus no interface roughness due to locally varying Al and Ga content is accounted for. More details on the VCA calculations are given in "Methods" below. Similarly to the experiment where the Varshni formula and the measured peak PL energies have been used to gain insight into the impact of the well width on carrier localization, we have calculated the energy difference ∆ -GS VCA Alloy between the ground state transition energy obtained from the VCA calculation and the average transition energy resulting from our model that accounts for local variations in Al and Ga content. It is important to note that this analysis can only provide qualitative insight since a quantitative analysis would require a thorough benchmark of the VCA against given experimental data, e.g. reproducing the energy gap of the system at low temperatures. However, even without adjusting the VCA by introducing for instance bowing www.nature.com/scientificreports www.nature.com/scientificreports/ parameters, using the same VCA for Sample A and B allows for a consistent comparison of the impact of the alloy fluctuations on the electronic structure of the two systems, bearing in mind that the main difference in Sample A and B in terms of its structural properties is the well width and not the Al content. From theory we find for Sample A a value of ∆ = -23 GS VCA Alloy meV. For Sample B the value for ∆ -GS VCA Alloy is approximately three times larger than for Sample A. This indicates a much more pronounced effect of the interface roughness on the electronic and optical properties in the wider well. This increase in ∆ -GS VCA Alloy is consistent with the much more pronounced "S-shape" of Sample B ( = .
L 6 8 w nm) when compared with Sample A ( = . L 2 4
w nm) as one can infer from Fig. 4 . We attribute this effect to the larger potential difference between the upper and lower interface of the QW for Sample B in comparison to Sample A and thus to a stronger localization of the wave functions at the well/barrier interface. We come back to this aspect further below.
In a second step, we now study the impact of Coulomb (excitonic) effects on the results. Coulomb effects have been included in the work by Rigutti et al. 17 as an energetic shift to the single-particle energy gap (energy difference between the lowest electron and highest valence state). However, such an approach does not account for potential charge density re-distributions, which might originate from the attractive interaction between electron and hole. Previous theoretical studies on c-plane InGaN/GaN QWs have revealed that strong electron and hole localization effects dominate over the attractive Coulomb interaction between these carriers at low temperatures 41, 52 . Therefore, in c-plane InGaN/GaN QWs the single-particle description of the electron and hole ground state charge densities represent a reasonable description of the excitonic charge densities at low temperatures. The Coulomb effect mainly results in a red-shift of the single-particle transition energy 41, 52 . As already discussed above, in c-plane InGaN/GaN QWs one is therefore left with a system that can be approximated by independently localized carriers. But, it is important to note that well width fluctuations, in addition to (random) alloy fluctuations, introduce localization centers for electrons in c-plane InGaN/GaN QWs. In the studied GaN/Al . 0 18 Ga . 0 82 N QWs, well width fluctuations of the dimensions observed in InGaN/GaN QWs are absent, as discussed above.
Here, in the single-particle picture and consistent with Rigutti et al. 17 , the electron charge density does not exhibit strong localization characteristics, at least not on the scale of the hole. Therefore, it remains to be seen how excitonic effects affect electron and hole states. The self-consistent Hartree approach we apply captures potential charge density re-distributions and can thus throw light on the question if the recombination process is similar to c-plane InGaN/GaN QWs with independently localized carriers or if it is different. Figure 6(c,d) depict the electron and hole ground state charge densities in the presence of Coulomb (exciton) effects. The isosurfaces of electron (red) and hole (blue) charge densities are again displayed at 25% of their respective maximum values and for the two different viewpoints. We observe here that the hole wave function is still strongly localized, even at the same position as in the absence of Coulomb effects (cf. Fig. 6(b) ). For the electron charge density the situation drastically changes. Here, we observe that the electron localizes about the hole. Thus, the in-plane separation in the single-particle picture (cf. Fig. 6(a,b) ) is compensated by the attractive Coulomb interaction between electron and hole (cf. Fig. 6(c,d) ). However, the Coulomb effect cannot overcome the spatial electron and hole wave function separation along the c-axis, stemming from the intrinsic electrostatic built-in field along this direction. This behavior is found for all 20 different microscopic configurations studied. Therefore, our fully self-consistent three-dimensional calculation reveals that in contrast to c-plane InGaN/GaN QW systems, electrons and holes are not independently localized in c-plane GaN/AlGaN QW systems, at least not for the Al contents studied here. We observe the same behavior for the = . L 6 75 w nm well system, indicating that independent of well width the investigated structures show exciton localization effects. Furthermore, our calculations including well width fluctuations (not shown here) reveal the same behavior, meaning that electron and hole localize in the same spatial in-plane position. All this therefore shows that the inclusion of Coulomb effects for these systems is important to describe their electronic and optical properties.
The question now remains how this picture of exciton localization fits with the observed non-exponential decay transients and that the variation of the radiative lifetime τ across the PL spectrum seems to be well width dependent. To shed light onto these aspects, we have calculated the radiative lifetime τ theo for each of the twenty different microscopic configurations for the two different MQW systems. Our experimental studies discussed above reveal that for the narrower well width system (Sample A), τ is almost constant across the PL spectrum while for Sample B τ varies significantly. To address this finding from a theoretical perspective and to compare the calculated change in radiative lifetime between the narrow and the wide well in general, we study here the relative/ normalized radiative lifetime τ
is the calculated radiative lifetime for configuration N i C , while τ average theo denotes the radiative lifetime averaged over all 20 configurations. These calculations have been performed for the two different well width systems and the results are displayed in Fig. 7 for the narrower (Sample A, black squares) and wider (Sample B, red circles) MQWs. In case of Sample A, τ  varies only slightly with configuration number N i C (standard deviation σ = .
0 04). This is in contrast to the wider well system (Sample B), where the variation in τ  is larger with respect to the configuration number N i C (standard deviation σ = . 0 15). This finding is consistent with the experimentally found behavior that τ is almost constant in Sample A when compared to the results for Sample B. In general, this observation can be explained in the following way. The fluctuations in Al and Ga content at the well/barrier interface lead to significant fluctuations in the built-in potential. An example for this feature is shown in Fig. 8(a) , displaying the built-in potential ϕ p for a slice through the supercell of an arbitrarily chosen configuration of the narrower well system (Sample A). The data is shown in the − x z-plane. Here, the z-axis is parallel to the wurtzite c-axis. For comparison, the built-in potential of the same QW system (same well width) but in VCA is shown in Fig. 8(b) . From Fig. 8(a,b) we clearly see the strong local built-in potential fluctuations due to the alloy fluctuations in the barrier material. These fluctuations, especially at the well/barrier interface will now www.nature.com/scientificreports www.nature.com/scientificreports/ affect carrier localization. Thus, even though our calculations indicate exciton localization effects, variations in the electrostatic built-in field will also (slightly) affect the wave function overlap. Given that the radiative lifetime τ N ( ) theo i C is inversely proportional to the wave function overlap, τ N ( ) theo i C should also be affected by changes in the wave function overlap. Two factors contribute now to the situation that the wider well shows a more pronounced variation in the radiative lifetime across the spectrum. First, the built-in potential difference between the top and the bottom interface is larger in the wider well when compared to the narrower one (not shown here). This leads to even stronger electron and hole wave function localization at the well/barrier interfaces, and thus local fluctuations in alloy and built-in fields in this region are expected to contribute more strongly to carrier localization in the wider well when compared to the narrower well. In combination with the wider well width, the wave function overlap between electron and hole is significantly further reduced in the wider well in comparison to the narrower one. The second factor that comes into play is how the radiative lifetime in c-plane III-N heterostructures changes with well width. Here, in general an exponential increase of τ with well width is observed 53 . Thus on an absolute scale, slight changes in the wave function overlap due to alloy induced built-in field variations should have a more pronounced effect on the radiative lifetime in the wider well. Therefore, taking all these findings together one could expect a stronger variation of the radiative lifetime across the PL spectrum in the wider well when compared to the narrower well, even with exciton localization effects. This is confirmed here by both the theoretical calculations as well as the measurements. The results for the narrower well system (Sample A) are given by the black squares; data for the wider well system (Sample B) are denoted by the red circles. More information is given in the text. www.nature.com/scientificreports www.nature.com/scientificreports/ It is important to note, that even though our calculations indicate exciton localization effects, our system is different to, for instance, non-polar InGaN/GaN QW systems where exciton localization has also been observed and discussed 54 . This stems from the fact that in the c-plane GaN/AlGaN QWs studied here, strong electrostatic built-in fields along the growth direction are present and as discussed above, fluctuations in the local alloy configuration leads to noticeable fluctuations in the built-in field. Consequently, this results in fluctuations in the electron hole wave function overlap, even for a localized exciton in the same in-plane position but with electron and hole wave functions still separated along the growth direction. This macroscopic built-in field is absent in non-polar III-N systems. Due to the absence of the macroscopic field in these non-polar systems, excitonic effects lead to the situation that electron and hole localize in the same spatial position, not only in the growth plane but also out of growth plane. Thus even though we observe exciton localization in both c-plane GaN/AlGaN QWs and for instance non-polar InGaN/GaN QWs, the underlying physics of the recombination process is expected to be different due to the presence/absence of the macroscopic built-in field in these two systems.
Conclusion
We have presented a detailed experimental and theoretical study of the electronic and optical properties of c -plane GaN/AlGaN QWs. Our measurements reveal an "S-shape" temperature dependence of the PL peak energies, which is indicative of carrier localization effects in the system. Our calculations, using a three-dimensional modified continuum-based model, which accounts for random alloy fluctuations in the barrier material (AlGaN), reveal strong hole localization effects originating from the combined effects of built-in field and alloy fluctuations at the well/barrier interface in c-plane GaN/AlGaN QWs. Thus, we show here that already alloy fluctuations at the well/barrier interface are sufficient in c-plane III-N QW systems to bring about strong hole localization effects. The situation observed here is slightly different to c-plane InGaN/GaN systems, where in addition to strong hole localization effects electrons are also significantly localized by well width fluctuations.
Furthermore, our PL time decay measurements reveal non-exponential decay curves, which in c-plane InGaN/GaN QW systems have been regarded as an indicator for independently localized electron and hole wave functions. Similar to c-plane InGaN/GaN QW systems, we find that the radiative lifetime varies across the PL spectrum noticeably, for the c-plane GaN/AlGaN QW system with a very large well width ( = .
L 6 8 w nm). However, for system with a narrower width ( = .
L 2 4 w nm) the radiative lifetime is approximately constant across the spectrum, even though the decay transitions show a non-exponential behavior. To throw further light onto these findings, we have combined the output of our three-dimensional modified continuum-based model with self-consistent Hartree calculations to take excitonic effects into account. Our calculations reveal exciton localization, with the electron localizing about the hole but still spatially separated along the growth direction due to the macroscopic electrostatic built-in field along the c-axis. This is even the case when we include well width fluctuations in the model. Furthermore, our calculated radiative lifetimes for the two experimentally studied QW systems show that indeed, despite these exciton localization effects, the radiative lifetime is affected by alloy fluctuations at the well/barrier interface. Also, we find here that these variations are more pronounced in a wider well when compared to systems with a narrower well width. This finding is consistent with the experimental observation of a much more pronounced variation of the radiative lifetime τ across the PL spectrum in case of the wider well when compared to the narrower well. Overall, we relate this back to alloy induced variations in the built-in field at the well/barrier interface and connected variations in the electron and hole wave function overlap. The insights gained here, namely about the nature of the recombination, sheds light onto the fundamental properties of GaN/AlGaN QW systems, which is important for driving the development of future state-of-the art UV LEDs forward. The fact that in GaN/AlGaN QWs the carriers are co-localized as excitons, (rather than localized as separate electrons and holes at spatially separated locations) implies that concerns raised about potential negative impacts of localization on the efficiency of green LEDs 55, 14 are not relevant to the performance of UV LEDs. This might imply that efforts to engineer improved localization centres via changes to the quantum well morphology or compositional distribution are unlikely to have unintended detrimental effects.
Methods
In this section we present and discuss the details of the different applied experimental and theoretical methods. First, the structural characterization techniques applied will be discussed. This is followed by an overview of the techniques employed to study the optical properties of the c-plane GaN/AlGaN QWs. Finally, the theoretical framework used in this study is presented.
Growth and structural characterization. Two 10-period GaN/AlGaN MQW structures were grown by metal-organic chemical vapor deposition in a Thomas Swan 6 × 2" close-coupled showerhead reactor using trimethylaluminium (TMA), trimethylgallium (TMG) and ammonia (NH 3 ) as precursors and hydrogen as the carrier gas. In-situ 3-wavelength optical monitoring and emissivity-corrected pyrometery were provided by a Laytec EpiTT set-up. Pseudo-substrates consisting of a 5 µm thick GaN buffer layer were grown first on (0001) c -plane sapphire substrates. The growth of the GaN/AlGaN MQW structures on the pseudo-substrates began with a GaN connecting layer of 500 nm thickness to bury the regrowth interface. The QWs were then grown at 1050  C and 50 Torr using a TMG flow of 100 µmol/min giving a GaN growth rate of 0.30 nm/s, while the barriers were grown under the same conditions with the same TMG flow of 100 µmol/min and a TMA flow of 38 µmol/min. Hence, the TMA flow was switched to vent or reactor to grow the wells and barriers, respectively, while the ammonia flow was constant at 228 mmol/min throughout the MQW stack growth. The structural properties of both samples were analyzed by high resolution X-ray diffraction (XRD) and transmission electron microscopy (TEM). For the XRD measurements a Philips X'pert diffractometer, equipped with a Cu-Kα 1 source (λ = .
1 54056 Å), an asymmetric 4-crystal Bartels monochromator, and a single point detector was used. Symmetric ω-2θ-scans www.nature.com/scientificreports www.nature.com/scientificreports/ of the 0002 reflection were performed with an open detector as well as with an additional triple axis monochromator directly in front of the detector. The experimental data were fitted with intensity profiles simulated with the PANalytical Epitaxy software package in order to extract information on the Al-content of the barriers and the thicknesses of QWs and barriers. The samples were observed in cross-section by HAADF-STEM in an FEI Tecnai Osiris microscope operated at 200 kV. The samples were prepared by standard mechanical polishing followed by Ar + ion milling at 5 kV until a hole formed in the foil and followed by a cleaning at 1 kV down to 0.1 kV.
Photoluminescence Characterization. The samples were mounted on the cold finger of a closed cycle helium cryostat capable of varying the temperature over the range of 10-300 K to perform either PL spectroscopy or PL time decay measurements. The excitation light for the temperature dependent PL spectroscopy measurements was the mechanically chopped 325 nm (3.81 eV) output of continuous-wave He-Cd laser, which was focused onto the sample with a 15 cm focal length lens. A charge-coupled device beam profiler was used to measure an excitation spot radius of 72 µm. The samples were both inclined at Brewster's angle to minimize the distorting effect of Fabry-Pérot interference on the measured PL spectra, with the un-reflected p-polarised PL selected by a linear UV polarizer 56 . The collected PL was focused onto the entrance slit of a 0.85 m double grating monochromator with 24 Å resolution and detected with a cooled GaAs photomultiplier tube using standard lock-in techniques. PL decay time measurements were also performed using a mode-locked Ti:sapphire laser outputting 100 fs pulses at a repetition rate of 80 MHz, with a central wavelength of 800 nm and a pulse energy of 1.18 × 10 −10 J. A pulse-selector was used to vary the repetition rate of the pulses and the resulting output was fed to a frequency tripler, wherein pulses with a central wavelength of 266 nm (4.66 eV) were generated from the near-infrared light by second-and third-harmonic generation. The PL time decay measurements were performed using pulses with a repetition rate of 1 MHz for Sample A and 260 kHz for Sample B. A microchannel plate with a time resolution of 80ps was used to detect the emitted light from both samples and standard single-photon counting techniques were used to generate statistics of photon count as a function of time for detection energies chosen across the PL spectra.
Theoretical Framework. To study the electronic structure of the here considered c-plane GaN/AlGaN MQW systems we proceed in the following way. We use a single band effective mass approximation for both electrons and holes. Since we are mainly interested in general trends and alloy induced carrier localization effects, a detailed study of transition energies or absolute values for radiative lifetimes is beyond the scope of the present study. Thus a single band effective mass approach is sufficient for our purpose. Previous three-dimensional modified continuum-based studies on carrier localization effects have used a similar approach 17, 21 .
In case of the virtual crystal approximation (VCA), the material parameter set describing the Al . 0 18 Ga . 0 82 N barrier material is obtained by a linear interpolation between the parameter sets of GaN and AlN. Thus each grid point in the barrier material in our three-dimensional simulation box is described by the same averaged material parameter set. Consequently, in VCA there are no spatial variations in the barrier region in terms of the Al content. The relevant material parameters used in the calculations are taken from the literature 53, 57, 28 . However, it is noteworthy to mention that there exists a large degree of uncertainties in material parameters for AlGaN alloys especially in (band gap) bowing parameters 28, 58 and band offset values 27 . Therefore, absolute values of the different output parameters such as transition energies and radiative lifetime will depend on accurate knowledge of material parameters and also their composition dependence 59 . But, as already stressed above, we are interested in general trends rather than providing a one-to-one theory experiment comparison on transition energies or radiative lifetime values.
Going beyond the VCA, spatial variations in Al content are treated as follows. In the barrier region, randomly 18% of the grid points have been described by AlN parameters and the remaining 82% by a GaN parameter set. In doing so, the Al content fluctuates throughout the barrier material and different configurations are realized, but at the same time, on average, the Al content in the barrier is 18%.
Overall, our single-band effective mass treatment, along with the VCA and random alloy treatment, is implemented in the S/Phi/nX software library 60, 61 . Details of the implementation and the general features of the package are described elsewhere 62 . Details on our self-consistent Hartree approach are also given in the literature 53 . From these calculations we obtain exciton energies (E X ) and oscillator strength/wave function overlaps ( f ) in the presence of the attractive Coulomb interaction between electron and hole. Equipped with this knowledge, the radiative lifetime τ theo is calculated via 63 where n, ε 0 , m 0 , c,  denote the barrier refractive index, vacuum permittivity, the free electron mass, the vacuum speed of light and the reduced Planck's constant.
Regarding the numerical aspects of our approach, for the narrower well-width ( = . L 2 5 w nm) all calculations have been performed on a × × 40 40 12 nm 3 supercell with periodic boundary conditions. For the wider well ( = . L 6 75 w nm), the supercell size is chosen to be × × 40 40 17 nm 3 , again with periodic boundary conditions. This slightly larger simulation box has been chosen to keep the barrier width, accounting for periodic boundary conditions, at approximate 10 nm. Our results presented in the main text are evaluated with a step size of 0.25 nm and 0.5 nm along the growth and in-plane directions, respectively. Due to this choice of step size, the well-width considered in our calculations are = . L 2 5 w nm and = . L 6 75 w nm, respectively, which is very close to the experimental values. The grid size along the growth direction has been chosen, based on an ideal GaN wurtzite structure, so that approximately one Ga-N bond would be included, motivating the use of pure GaN or AlN parameters www.nature.com/scientificreports www.nature.com/scientificreports/ at each lattice site. The in-plane step size of 0.5 nm together with the out-of plane step size ensures then that, when looking at this from a microscopic wurtzite picture, at least one Ga-N-Ga chain would approximately fall in this volume. For InGaN alloys it has been shown that a chain of In-N-In embedded in GaN is sufficient to lead to carrier localization effects 12 . This idea is here carried over to Ga-N-Ga chains embedded in AlN. Nevertheless, we have also tested (not shown here) smaller step sizes to analyze the robustness of the results against changes in these parameters. More specifically, a finer grid size of 0.1 nm and 0.25 nm along the growth and in-plane direction, respectively, have been used. With these setting qualitatively the same results as discussed in the main text of the manuscript have been obtained. Based on all this, we have carried out our calculations with a step size of 0.25 nm and 0.5 nm along the growth and in-plane directions, respectively.
